D
uring the past few years, members of the Wiskott-Aldrich syndrome protein (WASP) family that include WASP, N-WASP, Scar͞WAVE, and Bee1 have emerged as key intermediates that link upstream signals from small GTPases, perhaps tyrosine kinases and phosphoinositides to the actin cytoskeleton (1) (2) (3) (4) . For instance, N-WASP and WASP directly bind to and are activated by Cdc42, phosphoinositides, and adaptor proteins like Nck and Grb2 (4) (5) (6) . Scar͞WAVE proteins seem to be indirect downstream effectors of Rac signaling (7) . All WASP family proteins regulate the actin cytoskeleton by activating a common effector, the Arp2͞3 complex (8, 9) , which accelerates the de novo nucleation and side branching of actin filaments (10) .
N-WASP can exist in an inactive or an Arp2͞3 interaction competent activated state (8) . We have previously demonstrated that binding of Cdc42 and phosphotidylinositol-4,5-bisphosphate [PI(4,5)P 2 ] to the N terminus of N-WASP disrupts an intramolecular inhibitory interaction between its N terminus and its Arp2͞3-binding C-terminal VCA (for verprolin homology, cofilin homology, and acidic region) domain, allowing the VCA domain to activate the Arp2͞3 complex (11) . N-WASP is also an essential component of a Cdc42 and PI(4,5)P 2 -dependent actin assembly pathway in Xenopus egg and bovine brain extracts (8, 12) .
Although the mechanism of N-WASP regulation has been studied intensively, the precise cellular function of N-WASP remains largely a mystery. Thus, we have used bovine brain extracts to identify novel N-WASP interacting proteins in an attempt to gain insight into the biological role of the N-WASP pathway. Here, we report the identification and characterization of a novel N-WASP-binding protein, CR16.
Materials and Methods

Purification of the N-WASP͞CR16 Complex from Bovine Brain Extracts.
Throughout the purification, the N-WASP complex was followed by immunoblotting with an anti-N-WASP antibody (8) . All chromatography media were purchased from Amersham Pharmacia.
Preparation of bovine brain high-speed supernatant was described in ref. 8 . The supernatant was sequentially fractionated on butyl Sepharose, Resource S, Superose 6, MonoQ, and a 5-20% wt͞vol sucrose gradient. The sucrose gradient fractions containing N-WASP were used for immunoaffinity purification. Immunoprecipitation of N-WASP was performed as described (8) . The bound N-WASP complex was eluted from the antibody beads by using 200 mM glycine, pH 2.0, neutralized and analyzed by SDS͞PAGE.
Mass Spectrometry. Sequence analysis of the 67-kDa N-WASP associated protein was performed at the Harvard Microchemistry Facility by microcapillary reverse-phase HPLC nanoelectrospray tandem mass spectrometry.
Molecular Biology. The portion of the CR16 ORF extending from the beginning of exon 7 to the end was PCR amplified from rat brain Marathon cDNA (CLONTECH). The fragment was then fused to the rest of CR16 (obtained from Jeffery Masters, Abbott) by PCR and subcloned into the pCS2ϩ vector (untagged) and the pCS2ϩHA vector [N-terminal hemagglutinin (HA)-tagged]. The reconstructed CR16ϩEx7 was checked by sequencing. CR16ϪEx7 was reconstructed by PCR, cloned into pCS2ϩ, and checked by sequencing.
Baculoviruses were constructed and used for infections according to the Bac-to-Bac baculovirus expression system (GIBCO͞ BRL). Recombinant proteins were purified on an anti-HA antibody column (Roche Biochemicals) and eluted with HA peptide (Roche Biochemicals). The proteins were further purified on a Mono S column. The recombinant CR16͞N-WASP complex was synthesized by coinfecting Sf9 cells with the HA-CR16ϩEx7 and N-WASP viruses. Glutathione S-transferase (GST)-N-WASP and GST-WH1 proteins were described previously (11) .
Binding Assays. GST pull-down was performed as described (11) .
Antibodies. Anti-N-WASP antibody was previously described (8) . A C-terminal fragment (amino acids 370-485) of CR16 with an N-terminal hexahistidine tag was expressed in Escherichia coli and purified on an Ni-NTA column. This fragment was used to raise antisera in rabbits (Zymed). The antibodies were affinity purified as described (8) .
Tissue Blot and Fractionation. Mouse tissues were Dounce homogenized in the presence of protease inhibitors. Five micrograms of total protein from each tissue were immunoblotted with an ␣-CR16 antibody. A homogenized mouse brain was centrifuged at 3,500 ϫ g for 15 min to separate nuclei and cell debris from the postnuclear supernatant. The postnuclear supernatant was centrifuged at 100,000 ϫ g for 30 min to separate membranes and cytoskeleton from the high-speed supernatant. The high-speed pellet was washed in lysis buffer with 1 M NaCl. Fractions were normalized by original volumes and analyzed by immunoblotting.
Immunofluorescence Microscopy. Preparation of primary rat hippocampal neurons and immunocytochemistry followed (13) . For single-staining experiments, cells were incubated with affinitypurified ␣-N-WASP antibody (final concentration 7 g͞ml) or ␣-CR16 antibody (final concentration 4 g͞ml), followed by incubation with Texas Red-conjugated donkey ␣-rabbit secondary antibody (1:250 dilution, Jackson ImmunoResearch). After washing, cells were stained with Alexa-488 conjugated phalloidin (1:100 dilution, Molecular Probes).
For double staining of CR16 and N-WASP, an affinity-purified ␣-CR16 antibody was directly labeled by using the Alexa-488 protein coupling kit (Molecular Probes). After first staining with ␣-N-WASP and Cy5-conjugated secondary antibody (Jackson ImmunoResearch) and then washing extensively, cells were stained with Alexa-488-conjugated ␣-CR16 antibody at 70 g͞ml. Cells were then stained with rhodamine-conjugated phalloidin.
Images were viewed and acquired by using the DeltaVision fluorescence microscopy system (Applied Scientific) without deconvolution. Images were processed by using the ADOBE PHOTOSHOP or CANVAS 5 software.
Results
Purification of an N-WASP Complex from Bovine Brain Extracts. To isolate native protein complexes containing N-WASP, we compared the hydrodynamic properties of N-WASP in crude bovine brain extracts to recombinant, purified N-WASP expressed in insect cells. We observed that endogenous bovine N-WASP fractionated at a considerably higher molecular weight than the recombinant protein. Specifically, the purified recombinant rat N-WASP has a Stokes radius of 4.4 nm by gel filtration and an uncorrected sedimentation coefficient of Ϸ2.0 S by sucrose gradient zonal sedimentation (data not shown). In the brain extracts, native N-WASP migrated with a Stokes radius of 8 nm and an uncorrected S value of 3.21 S (data not shown). Thus, N-WASP is likely either a dimer or is associated with other proteins in the brain extracts.
To purify the N-WASP containing complex from brain extracts, we used a purification scheme that combined five conventional fractionation steps, followed by an immunoaffinity step using an affinity-purified polyclonal anti-N-WASP antibody (Fig. 1A) . The N-WASP complex was followed by ␣-N-WASP immunoblotting. Analysis of the purified complex by SDS͞ PAGE and silver staining revealed that the complex consisted of two proteins, N-WASP (70 kDa by SDS͞PAGE) and a second protein that migrated at 67 kDa by SDS͞PAGE (Fig. 1B) .
Based on Coomassie dye binding in SDS gels (Fig. 1C ) followed by densitometry, the stoichiometry of the two proteins in the complex is Ϸ2:1 (N-WASP:67-kDa band). However, the native molecular mass of the complex, based on the diffusion coefficient from gel filtration and the sedimentation coefficient from sucrose gradient sedimentation, is 110-120 kDa, more consistent with a 1:1 stoichiometry. It is likely that N-WASP and the 67-kDa protein bind Coomassie blue with different efficiencies.
Identification and Cloning of the 67-kDa N-WASP-Associated Protein.
Analysis of 5 g (70 pmol) of the 67-kDa N-WASP-associated protein by trypsin digestion and mass spectrometry identified four peptides that exactly matched the sequence of the CR16 protein from rat (amino acid sequence shown in Fig. 2 ). CR16 was originally cloned as a glucocorticoid-regulated mRNA from a rat hippocampal cDNA library (14, 15) . The CR16 ORF predicts a 49-kDa protein with an unusually high proline content (32%), which likely contributes to its aberrant migration at 67 kDa on SDS͞PAGE and perhaps its reduced dye binding.
The CR16 gene exists in two alternatively spliced forms (16) . The less abundant form includes exon7 (the penultimate exon), whereas the more abundant form excludes this exon. Exon7 adds 102 bp in the CR16 cDNA sequence and replaces the Gly at amino acid position 419 with 35 additional amino acids at the C terminus (Figs. 2 and 3 ) (16) .
Sequence comparison revealed that a human CR16 sequence shares 72% identity with the rat CR16 protein. In addition, CR16 is Ϸ25% identical to WASP interacting protein (WIP, see Fig. 2 A for an alignment of CR16 and WIP) (17) . However, CR16 is clearly a different protein from WIP because human and Xenopus WIP are more closely related to each other than to human or rat CR16 (Fig.  2B ). The alignment in Fig. 2 A reveals two highly homologous regions between CR16 and WIP. One region, near the N terminus of the proteins, overlaps the actin-binding verprolin homology region of WIP (underlined blue in Fig. 2 A) . The second region, in the C terminus, coincides with the alternatively spliced exon 7 (underlined red in Fig. 2 A) . This C-terminal region of WIP mediates interaction with the WASP and N-WASP (17) .
A database search revealed that CR16 and WIP-related sequences are found not only in vertebrates but also in the invertebrate Caenorhabditis elegans (T16755). CR16 is also distantly related to the yeast actin-binding protein verprolin, based on primary amino acid sequences (18) . Thus, CR16 and WIP represent members of a proline-rich protein family conserved through evolution (Fig. 2B) .
Defining the Sequence Elements Important for the CR16 -N-WASP
Interaction. A GST pull-down method was used to map the sequence elements in CR16 and N-WASP required for their interaction. The proteins and protein fragments used in these experiments are summarized in Fig. 3A . Briefly, CR16ϩEx7, CR16ϪEx7, and a Myc-tagged C-terminal fragment of CR16 containing exon7 (MT-CR16-C-term), were synthesized by in vitro translation in the presence of [ 35 S]methionine. The proteins were tested for their abilities to interact with GST fusions of full-length N-WASP (GST-N-WASP), the isolated WH1 domain of N-WASP (GST-WH1), and N-WASP lacking the WH1 domain (GST-del WH1 N-WASP) immobilized on glutathioneSepharose beads. CR16ϩEx7 interacts with both GST-N-WASP and GST-WH1 but not with GST-del WH1 N-WASP or the control GST (Fig. 3B) . Thus, the WH1 domain of N-WASP is necessary and sufficient to interact with CR16. CR16ϪEx7 lacks the ability to bind GST-N-WASP or GST-WH1 completely, suggesting that sequences in the exon 7 of CR16 are necessary for high affinity binding to N-WASP. MT-CR16-C-term can bind both GST-N-WASP and GST-WH1 with similar affinity when compared with CR16ϩEx7. Thus, the C-terminal 115 aa of CR16ϩEx7 contain all of the sequence elements required for high affinity binding to N-WASP. Whereas exon7 is required for the CR16-N-WASP interaction, it alone is not sufficient. These binding results also confirm that CR16 is indeed the N-WASPassociated protein we purified from bovine brain extracts.
Expression of the Recombinant CR16͞N-WASP Complex in Insect Cells.
We have generated a recombinant baculovirus expressing CR16ϩEx7 with an N-terminal HA epitope tag (HACR16ϩEx7) and overexpressed this protein in insect cells. The 
Fig. 3. Sequence determinants of the interaction between CR16 and N-WASP. (A) A schematic illustration and amino acid boundaries of the various CR16 (rat) and N-WASP (bovine) constructs used in this study. (B) Recombinant
GST-N-WASP, GST-WH1 domain, and GST-del WH1 N-WASP (and GST alone as a negative control) were immobilized on glutathione-Sepharose beads and tested for their ability to pull down full-length CR16 (CR16ϩEx7), the alternatively spliced CR16 (CR16ϪEx7), and a Myc-tagged C-terminal fragment of CR16 (MT-CR16 -C-term). Ten percent of the input and 20% of the pulled down material was analyzed on an SDS͞5-15% polyacrylamide gel.
recombinant HA-CR16ϩEx7 protein was purified as shown in Fig. 4 A and B . We have also successfully expressed the CR16͞ N-WASP complex in insect cells by coinfection of Sf9 cells with both HA-CRϩEx7 and N-WASP (wild type, untagged) expressing viruses. The recombinant complex was purified as described above for HA-CR16ϩEx7. HA-CR16ϩEx7 and N-WASP cofractionate on both anti-HA and Mono S columns (Fig. 4C) , suggesting the two proteins form a complex when coexpressed in insect cells. HA-CR16ϩEx7 expressed in insect cells sometimes migrates as a doublet band in SDS͞PAGE (see Fig. 7A ) and is likely because of phosphorylation, as treatment with lambda phosphatase causes the doublets to collapse into the lower band (data not shown). Frequently, native CR16 protein also appears as a doublet in SDS͞PAGE (Fig. 5 ).
Tissue and Subcellular Distribution of CR16 Protein. The CR16 mRNA was previously reported to be expressed in brain, heart, lung, and testis but not kidney, liver, and spleen (15) . We sought to determine the tissue and subcellular distribution of CR16 protein. We raised a polyclonal rabbit antibody against a Cterminal fragment of rat CR16 (amino acids 370-485) that includes the region encoded by exon 7. The antibody is specific for CR16 and recognizes CR16 in rat, mouse, and bovine brain lysates (data not shown). In agreement with the mRNA expression pattern, CR16 protein is found mainly in the brain (Fig. 5A) , but it is also present in the lung and the heart at lower levels (data not shown). Thus, even though N-WASP is expressed ubiquitously, the expression of the CR16 protein is limited to the nervous system and perhaps a few other tissues.
To determine the subcellular distribution of CR16 and N-WASP, fresh mouse brain was fractionated into postnuclear supernatant, insoluble membrane͞cytoskeleton, and soluble cytosolic fractions by differential centrifugation. The majority of CR16 and N-WASP (Ͼ95%) was found in the soluble cytosolic fraction (Fig. 5B) . This result suggests that the CR16͞N-WASP complex is not associated or is only very weakly associated with the membrane or the cytoskeleton.
CR16 and N-WASP Colocalize in Embryonic Hippocampal Neurons.
We localized the CR16͞N-WASP complex in embryonic hippocampal neurons by immunofluorescence microscopy. Primary cultures of embryonic hippocampal neurons are advantageous for this study because these cells not only express CR16 and N-WASP endogenously but also exhibit elaborate growth cones with extensive filopodial and lamellipodial structures. We first examined the localization patterns of CR16 and N-WASP individually. Both CR16 and N-WASP displayed a punctate staining pattern throughout the cell body, the axons, and the growth cones (Fig. 6) . The puncta are unlikely to be associated with vesicles, as most CR16 and N-WASP is found in the soluble cytosol (Fig. 5B) . In the growth cones, N-WASP and CR16 are found at the tips (distal ends) of many filopodia (Fig. 6 ). Double staining of CR16 and N-WASP showed that CR16 and N-WASP colocalize significantly in the cell body, axons, and growth cones, including many of the filopodial tips (Fig. 6 C and D) . These results also support the in vivo interaction of CR16 and N-WASP.
Biochemical Activity of the CR16͞N-WASP Complex. The N-terminal verprolin homology (also known as WASP homology 2, or WH2) domain of CR16 contains a conserved G-actin-binding motif (RLRK) that is also found in WIP (KLKK), verprolin (KLKK), N-WASP (QLKK, QLKS), WASP (QLKS), and Scar1͞WAVE (QLRK). Thus, we wanted to test the ability of CR16 to interact with G-actin. As shown in Fig. 7A , recombinant HA-CR16 immobilized on agarose beads coated with anti-HA monoclonal antibody efficiently pulled down G-actin (below the critical concentration of actin polymerization). Anti-HA beads alone did not pull down detectable amounts of G-actin, whereas the VCA fragment of N-WASP used as a positive control pulled down G-actin with similar efficiency.
Because WIP has recently been reported to bind F-actin directly (19), we asked whether CR16 also interacts with F-actin. Using an F-actin copelleting assay, we have found that CR16 alone, or in the presence of N-WASP, cosediments with F-actin (Fig. 7B) . N-WASP alone cosediments with F-actin, as reported (20) , and is not affected by the presence of CR16 (Fig. 7B) . Thus, we conclude that CR16 is a G-actin and F-actin-binding protein.
We next compared the effects of CR16 on actin assembly kinetics in a purified component system. In this system, guanosine 5Ј-[␥-thio]triphosphate-loaded Cdc42 and PI(4,5)P 2 are used to activate N-WASP, which in turn stimulates the actin nucleating activity of the Arp2͞3 complex (8) . Actin polymer- ization is initiated by the addition of purified actin and pyrenelabeled actin to the reaction mixture, and the rate of assembly is monitored by the change in pyrene fluorescence. Addition of recombinant HA-CR16ϩEx7 protein (up to 0.5 M final concentration) to the polymerization reaction (containing 100 nM N-WASP and 30 nM Arp2͞3) did not affect the kinetics of the assembly or the total mass of F-actin polymerized (data not shown). HA-CR16ϩEx7 also has no effect on actin polymerization when only guanosine 5Ј-[␥-thio]triphosphate-loaded Cdc42 [but no PI(4,5)P 2 ] was added (data not shown). Recombinant complexes (HA-CR16ϩEx7͞N-WASP) coexpressed and copurified from insect cells were indistinguishable from N-WASP alone (data not shown).
Discussion
We have purified a complex of N-WASP and a protein of unknown function, CR16, from bovine brain extracts. The interaction was confirmed in vitro by pull-down assay, coexpression in insect cells, and in vivo by double-staining immunofluorescence microscopy in primary hippocampal neurons. We have also shown that the interaction is directly mediated by the N-terminal WH1 domain of N-WASP and by a C-terminal region of CR16, which includes the alternatively spliced exon 7. Alternative splicing of CR16 presents a potential regulatory mechanism for the interaction between the CR16͞N-WASP complex and its interacting partners, as only CR16ϩEx7 and not CR16ϪEx7 has the ability to bind N-WASP. Both splice variants of CR16 contain multiple putative recognition sites for SH3 domains, as well as several potential phosphorylation sites (16) . It is interesting to note that only a small fraction of total CR16 mRNA has the exon 7 required for binding to N-WASP (16) , and the physiological significance of this observation is currently unknown. CR16 and WIP share Ϸ25% protein sequence identity, and both proteins interact with the WH1 domain of N-WASP through their conserved C-terminal regions. Like WIP, CR16 directly interacts with both G-actin and F-actin. Thus, CR16 and WIP belong to a novel family of N-WASP͞WASP-binding proteins. Remarkably, CR16 is highly conserved throughout evolution. Sequence homologues of CR16 are found not only in vertebrates but also in the invertebrate C. elegans and the hemichordate acorn worm, Saccoglossus kowalesky (M.W.K., unpublished data).
The biological function of CR16 remains to be elucidated. WIP has recently been implicated in the recruitment of N-WASP to the surface of Vaccinia virus during actin comet tail motility, suggesting its role in the spatial control of actin assembly machinery (21) . It is also important for filopodia formation in fibroblasts (19) . In the absence of evidence suggesting CR16 can directly affect the actin polymerization machinery, we speculate that CR16 may target N-WASP to particular subcellular locations where positive signals for actin assembly are received. Colocalization of the CR16͞N-WASP complex to neuronal growth cones, particularly the tips of filopodia, is consistent with this idea. The localization of the CR16͞N-WASP complex at the tips of growth cone filopodia is particularly interesting because N-WASP is important for filopodia formation induced by microinjection of Cdc42 or treatment with bradykinin in cultured cell (2) . Further study is required to understand the physiological function of the CR16͞N-WASP complex in neurons.
The richness of putative SH3 domain protein-binding sites along the sequence of CR16 also suggests that CR16 may be a signaling intermediate that links N-WASP to upstream pathways. In addition, the WH1 domain of the actin cytoskeleton regulatory Ena͞VASP proteins has been implicated in protein localization, raising the possibility that the WH1 domain functions as a general protein-targeting module (22) . Nevertheless, further biochemical and cellular studies are required before the roles of CR16 in the regulation of actin cytoskeleton become clear. Understanding the cellular function of CR16 will no doubt shed light on the yet obscure physiological functions of the Cdc42-N-WASP-Arp2͞3 pathway, and our identification and characterization of the CR16͞N-WASP complex is an important step in that direction. immobilized on ␣-HA antibody-coated beads was tested for its ability to pull down G-actin from solution. GST-VCA of N-WASP immobilized on glutathioneSepharose and ␣-HA beads were used as positive and negative controls, respectively. Thirty-three percent of input and material pulled down were analyzed by immunoblotting with ␣-actin. (B) The ability of CR16 to interact with F-actin was determined in an F-actin cosedimentation assay. Recombinant HA-CR16ϩEx7 and N-WASP, either alone or together, were incubated with F-actin and then subject to ultracentrifugation. The supernatants (S) and pellets (P) containing F-actin and proteins associated with F-actin were normalized by original volume and resolved on a 5-15% SDS͞polyacrylamide gel, followed by immunoblotting with ␣-HA, ␣-N-WASP, and ␣-actin. The appearance of recombinant HA-CR16ϩEx7 as a doublet is likely because of protein phosphorylation (see Results for details).
